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Motor Performance Department, Gas Dynamics Section 

Science and Engineering 
ATK Thiokol Propulsion Corp., Brigham City, Utah 84302 

ETM03 (Engineering Test Motor-03) is an extended length RSRM (Reusable Solid Rocket Motor) designed to increase motor 
performance and create more severe internal environments compared with the standard four-segment RSRM motor configuration. 
This is achieved primarily through three unique design features. First is the incorporation of an additional RSRM center segment, 
second is a slight increase in throat diameter, and third is the use of an Extended Aft Exit Cone (EAEC). As a result of these design 
features, parameters such as web time, action time, head end pressure, web time average pressure, maximum thrust, mass flow rate, 
centerline Mach number, pressure and thrust integrals have all increased compared with nominal RSRM values. In some cases 
these increases are substantial. The primary objective of the ETM03 test program is to provide a platform for RSRM component 
margin testing. Test results will not only provide direct data concerning component performance under more adverse conditions, 
but serve as a second design data point for developing, validating and enhancing component analytical modeling techniques. To 
help component designers assess how the changes in motor environment will affect performance, internal flow simulations for both 
the nominal RSRM and ETM03 motor designs were completed to obtain comparisons of aero-thermal boundary conditions and 
system loads. Full geometries for both motors were characterized with two-dimensional axi-symmetric models at  bum times of 1, 
20, 54, 67 and 80-seconds. A sixth set considered burn times of 110 and 117-seconds for RSRM and ETM03, respectively. The 
simulations were performed using the computational fluid dynamics (CFD) commercial code FLUENT.@ Of particular interest 
were any differences between the two motor environments that could lead to a significant increase in system loads, or in internal 
insulation and/or nozzle component charring and erosion in ETM03 compared with RSRM. Based on these comparative analyses 
conducted in this study, the objective of ETM03 will be achieved by providing a more adverse operating environment for motor 
components than the nominal RSRM environment. For example: Higher chamber pressure drop in ETM03 than in RSRM; higher 
centerline Mach numbers approaching the nozzle in ETM03 than in RSRM; higher heat transfer rates for the internal insulation 
and nozzle components in ETM03 than in RSRM; and higher levels of droplet impingement and slag accumulation in ETM03 than 
in the RSRM. 
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Nomenclature 
area, m2 (fi’) 
empirical constant (Eq. 3b) 
specific heats at constant pressure and volume, 
respectively, Jkg-K (Btu/lb,-R) 
diameter, m (in.) 
convective heat transfer coefficient, W/m2-K 

turbulence kinetic ener y (m2/s2 (ft2/s2)) and its 
rate of dissipation (m2/s /s (fi2/s2/s)), respectively 
gas thermal conductivity, W/m-K (Btu/hr-ft-R) 
molecular weight, kgkgmole (lb/lbmole) 
Mach number 
mass fraction of particles with diameter greater 
than dp 
particles spread diameter 
number of particles 
burning rate pressure exponent 
total and static pressure, respectively, Pa (psia) 
Prandtl number 

(~tu/hr-fi’-~) 

B 

wall heat flux, W/m2 (Btu/hr-fi2) 

propellant burn rate, m/s (Ws) 

R p  

r radius, m (in.) 
S source term (Eq. 1) 
To, T total and static temperature, respectively, K (R) 
u, v axial and radial velocity components, m/s (ft/s) 

x,+y 
axial and radial axes, m (in.) 

Y non-dimensional distance from the wall in wall 
units 

a augmentatiorddeaugmentation factor 
Y ratio of specific heats, Cdc ,  
p, v dynamic (N-s/m2 (lbdft-s)) and kinematic (m2/s 

(fi2/s>) viscosity, respectively 
P gas density, kg/m3 (lbdft3) 
(x), (y) fbction of axial and radial directions, 

rate of accretion flux, kg/m2-s (lbm/ft2-s) 

respectively 

Subscripts 
e at nozzle exit 
f face 
DP discrete phase 
g gas 
0 chamber conditions 
P particles, propellant 
S static, smoke 
W wall 

‘Sr. Principal Engineer, Associate Fellow AIAA, *Sr. Principal Engineer, Sr. Member AIAA, **Supervisor, Gas Dynamics. 
‘2003 ATK Thiokol Propulsion, A Division of ATK Aerospace Company, Published by the American Institute of Aeronautics and Astronautics, 
Inc. with permission. 
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Superscripts 
* throat conditions 

flux 
- mean and time averaged 
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Introduction 
ETM03 is an extended length RSRM designed to 

increase motor performance and create more severe 
internal environments compared with the standard four- 
segment motor configuration. This is achieved primarily 
through four unique design features. First is the 
incorporation of an additional RSRM center segment, 
second is a 2.25-inch increase in throat diameter, third is 
the use of an Extended Aft Exit Cone (EAEC), and fourth, 
propellant corners have been modified to have 3 by 24 in. 
propellant chamfers. The EAEC was previously tested on 
FSM-05 as an RSRM enhancement, although it was never 
implemented as part of the flight baseline configuration. 
As a result of these design features, parameters such as 
web time, action time, head end pressure, web time 
average pressure, maximum thrust, mass flow rate, 
centerline Mach number, pressure and thrust integrals 
have all increased compared with nominal RSRM values. 
In some cases these increases are substantial. 

The primary objective of the ETM03 test program is to 
provide a platform for RSRM component margin testing. 
Test results will not only provide direct data concerning 
component performance under more adverse conditions, 
but serve as a second design data point for developing, 
validating and enhancing component analytical modeling 
techniques. These data can also be used to support a Five 
Segment Booster (FSB) development program should the 
shuttle program choose to pursue this option for abort 
mode enhancements during the ascent phase. 

To help component designers assess how the changes in 
motor environment will affect performance, internal flow 
simulations for both the nominal RSRM and ETM03 
motor designs were completed to obtain comparisons 
between aero-thermal boundary conditions and system 
loads. Full geometries for both motors were characterized 
with two-dimensional axi-symmetric models at burn times 
of 1, 20, 54, 67 and 80-seconds. A sixth set considered 
burn times of 1 10 and 1 17-seconds for RSRM and 
ETM03, respectively. For this initial set of predictions, a 
3 by 6 in. chamfer was a feature of the grain design on the 
forward end of each propellant segment. The 1 s burn 
time geometry for the RSRM and ETM03 are shown in 
Figs. 1 and 2, respectively. The simulations were 
performed using the computational fluid dynamics (CFD) 
commercial code FLUENT.@ Of particular interest were 
any differences between the two motor environments that 
could lead to a significant increase in system loads, or in 
internal insulation and/or nozzle component charring and 
erosion in ETM03 compared with RSRM. 

The burn times of 1, 20, and 80 sec post ignition 

simulations were repeated for ETM03 with 3 by 24 in. 
propellant chamfers. The results were compared and 
contrasted against ETM03 with 3 by 6 in. propellant 
chamfers. The 1 sec burn time was selected because that 
is the point in time with the maximum chamber pressure 
drop and the greatest potential for propellant deformation. 
The 20 s was selected because it is the point in time with 
the maximum mass flow rate and maximum thrust, and the 
80 s burn time was selected as a representative for 
showing any differences in slag collectiodaccretion when 
the propellant has burned out of the aft-end. 

Discussion of Modeling Approach 
All the simulation involved a two-dimensional axi- 

symmetric model of the full motor and the grain at 
different burn times. 

Governing equations, operating conditions and thermo- 
physical properties, grids, boundary conditions, 
turbulence modeling, computational schemes, numerical 
convergence (residuals), convective heat transfer, two- 
phase modeling, and vacuum thrust and specific impulse 
are discussed next. 

Governing Equations: The numerical studies considered 
the solution of the steady-state Navier-Stokes equations, 
energy equation, the turbulence kinetic energy with its rate 
of dissipation equations, and the necessary constitutive 
equations (ideal gas law, power law for gas thermal 
conductivity and viscosity, etc.). The general governing 
eauation was 

and the mass conservation equation 
v .  (p ;)=o (2) 

where q$ can be velocity components (u. v, w), enthalpy 
(i), turbulence quantities (K, E), and species concentrations 
(C) ;  Tis  an exchange coefficient for & S ,  is a source term 
for 4 per unit volume. 

Operating Conditions and Therrno-physical 
Properties: Table 1 summarizes operating conditions and 
thermo-physical properties. Table 2 summarizes the 
particles thermo-physical properties and distribution. 

Grids: Coarse grids with quadrilateral cells used in this 
simulation and are summarized in Table 1. All the grids 
for 1, 54, 80, 110 and 117 s burn times were generated 
using GRIDGEN2 and made orthogonal and smoothed 
from one domain to another. Grids for 20 and 67 s burn 
times were generated using GAMBIT3. 

Boundary Conditions: the boundary conditions in this 
simulation are as follows: 
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Canbursof Static Pressure (pascal) Mar 11, 20[)3 
FLUENT6.0 &xi, ssgregatd, RSM) 

Fig. 1 RSRM local static pressure distribution at 1 s post ignition. 

6.52846 

I 5 . 2 2 0 6  

Cunbursof Static Pressure (pascal) M a r l l ,  Xx13 
FLUENT6.0 @xi, segr6@tad, RSM) 

Fig. 2 ETM03 local static pressure distribution at 1 s post ignition. 
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1) At the propellant surface: Mass flux was calculated 
as a function of the local static pressure as 

n 

~ Where 
/ 

The total pressure given in Table I g with 
propellant formulation was used as input to the NASA- 
Lewis program' to obtain chamber gas temperature (To), 
dynamic viscosity (p), specific heat at constant pressure 
(Cp), thermal conductivity (ko), and molecular weight. 
They are given in Table 1. The local gas dynamic 
viscosity and thermal conductivity were calculated locally 
as a function of local temperature as 

and 

1 

where the exponent I; is calculated from the NASA-Lewis 
program. 

In addition, propellant density, reference pressure, 
reference bum rate and its exponent are also given. 
Turbulence intensity of 5% and hydraulic diameter were 
specified. The augmentation factor, a, was used as 1 for 
the propellant except in the head end fin region, where it 
was increased to 4.528 to account for the three- 
dimensional fins modeled in two-dimensional axi- 
symmetric analysis. 

1 

2)  Wall Boundary Conditions: 
Thermal Boundary Conditions: Fig. 3 shows the 

specified surface temperature used as thermal boundary 
condition, respectively. The surface temperature profile 
along the converging-diverging section of the nozzle was 
curve-fitted using TableCurve2D4 as 

2 3 5 a + c x + e x  + g x  + i x 4 + k x  
2 3 4 5 T, = 

l + b x + d x  + f x  + h x  + j x  

where x was taken along the nozzle surface and where the 
coefficients are given as follows: a = 2789.03, b = - 4.61, 
c = -13307.21, d = 11.96, e = 32905.45, f = - 6.33, g = - 
20712.33, h = - 0.916, j = 1174.06 and k = 815.51. The 
correlation coefficient was calculated to be r' = 0.997. A 
user defined function (UDF) was used to compile the 
specified surface temperature profile. The submerged 
wall (nosecap and cavity) was assumed to be isothermal at 
2750K (4950R). 

It is to be noted that the repeated legend in the figures 

was added for the purpose of representing the 
corresponding English units on the right-hand ordinate. 
Therefore, the first and last legend are expected to 
represent two curves falling on the top of each other. 

Velocity Boundary Conditions: No slip condition was 
specified at walls. 

3) At exit: A supersonic boundary condition was 
utilized where the quantities (P, T, u, v, K,  E) were 
calculated from cells upstream of the exit. The exit 
pressure, temperature, turbulence intensity, and exit 
hydraulic diameter were specified to start the calculation. 
The exit pressure and temperature were updated as the 
solution proceeded. 

-RSRM Nozzle 

7 4940.31 3000 r--- ______ 

i 1800 (IIIIIIIII( 2780.31 

- 1 0 1 2 3 4  

~ 

x (m) with respect to nozzle throat 

Fig. 3 RSRM and ETM03 nozzle specified surface 
temperatures. 

Turbulence Modeling: Two turbulence models were 
used in the simulations: standard K-E and RNG K-E with 
standard wall h c t i o n  for near wall treatment. The three 
burn times of 1, 20 and 80 s post ignition were also 
modeled using an alternative turbulence model called 
Reynolds stress model (RSM). This model has been 
found to better predict motor pressure drop than the RNG 
K-E or the standard K-E turbulence models. In addition, 
there is no need to limit the turbulence viscosity ratio or 
alter any default turbulence constants. 

Computational Schemes: The segregated solver in the 
commercial code Fluent' was used. Differencing schemes 
utilized were lSf and 2"d order Upwind, Power law, and 
Quick schemes. The 1'' Upwind scheme was used to start 
the problem and the higher order schemes to obtain the 
final results. The 2"d order Upwind and Quick schemes 
were found to give similar results in terms of mass flow 
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rate and mass imbalance, head-end pressure, chamber 
pressure drop, and maximum Mach number at the nozzle 
exit. Power law scheme was found to converge the best 
and fastest. 

Numerical Convergence (Residuals): Numerical 
convergence was achieved by satisfjmg four requirements 
in the following sequence. First, the residual error 
diminished as the number of iterations was increased. 
Second, the profiles of the variables ceased to change, at 
least qualitatively. Third, a first monitor on the total 
pressure at the propellant surface until the average total 
pressure ceased to change. Fourth, a second monitor on 
the mass imbalance between the inlet (propellant surface) 
and the outlet (nozzle exit) mass flow rates until it reached 
a small value ( 10” - 1 O‘5 kgls). 

Convective Heat Transfer: The ratio of the convective 
heat transfer coefficient to the specific heat at constant 
pressure (h/C,) was calculated as 

(6) . 11 

4w (XI -- - h ( x )  

c p  c p  [To - Tw(x)] 
This ratio is usually used as input in the CMA code6 for 
nozzle erosion predictions. 

Two-Phase Modeling: The two phases are continuous 
phase (combustion gas) and a discrete phase (aluminum 
oxide droplets (A1203 or slag)). Since droplet 
agglomerationhreakup was not modeled, they were 
assumed spherical and of a constant size distribution 
anywhere in the motor and were injected at propellant 
surface. 

Two diameter distribution models are needed. They 
are the Rosin-Rammler’ and a uniform diameter 
distribution. The first yields better results in the motor 
chamber where particles have less propensity to break up. 
The uniform diameter distribution model yields better 
results in the nozzle where particles would break up in a 
highly accelerated flow. The present results are limited to 
the Rosin-Rammler distribution and is explained next. 

Rosin-Rammler Diamater Distribution Model The 
particle size and distribution used in this study were based 
on investigation’ into the effects of ingredient property 
variation on RSRM TP-H1148 production propellant. 
Aluminum oxide is the total fraction of aluminum (AI) that 
is converted to large AI203 discrete phase particles (d, 2 
10 pm) after combustion is complete and was taken* as: 

( 7 4  
rnAlumina = 0.29 rn 

The non-aluminum oxide gas which may be considered as 
smoke is therefore 

(7b) 
. .  

rns = rn - rnAlumina = 0.71 rn 
The discrete phase (DP) portion of the total particulate 
population (Alumina) was taken as 

. (7c) 

mDP = rnAL203 = 0.29mAlumina = 0.084 m 

However, the mass flow rate of the continuous phase (CP) 
was increased to include the small smoke-like particles in 
the CP as follows: 

( 7 4  . .  
rnCP = rn - rnDP = 0.916 rn 

Inert particles density, specific heat at constant pressure 
and thermal conductivity are given in Table 2. The 
equivalent molecular weight of the gas was calculated as 

18.76 + 7.58 fs (7e) 
MW = 

0.926 
wheref, is the ratio of mass flow rate of smoke to the total 
mass flow rate and is taken as 0.7 1, i.e. 

f = m ,  l r n  =0.71 
(70 

S 

The equivalent molecular weight is in Table 2. 
Particle size distribution for the alumina included in 

the discrete phase was defined by fitting the size 
distribution to the Rosin-Rammler equation’ (Chap. 14). 
In this approach, the complete range of particle sizes was 
divided into a set of discrete size ranges, each to be 
defined by a single stream that was part of the group. The 
particle size data obeys the distribution shown in Fig. 4 
and was curve-fitted in this studv as 

with a coefficient of determination of 0.99. The particle 
diameter (d,) is to be specified in microns. 

0 Curw-fit 
*0.6 

0.4 

0.2 

0.0 
0 100 200 300 400 500 600 

d ,  (Microns) 

Fig. 4 Rosin-Rammler curve for particle size 
distribution. 
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The Rosin-Rammler distribution function is based on the 
assumption that an exponential relationship exists between 
the particle diameter, (dp), and the mass fraction of 
particles with diameter greater than dp, M d p  as 

L J 

- 

where d p  is the mean diameter and N is the spread 
parameter. The average diameter was obtained by noting 
that the value of dp at which M d p  = exp(-1) = 0.368. From 
the above figure, the average diameter was 87.53 pm. 
The numerical value of the spread parameter was 
calculated from the above relationshp as 

Upon substituting the values, an average value for N was 
calculated to be 1.1426. In summary, 8 discrete particle 
sizes ranging from 10 to 600 microns with a mean 
diameter of 87.80 pm and a spread parameter of 1.1428 
were specified and given in Table 2. 

The A 1 2 0 3  rate of accretion flux along a wall is 
defined' as: 

The walls of the submerged region and nozzle were set 
as trap walls for particles upon impact as boundary 
conditions. Propellant surface was set as a reflecting 
surface for particles. Particles at the exit plane were set to 
escape. Particle concentration is a flow quantity that 
exists in the flow field and at the wall. The particle 
trajectories and their local A 1 2 0 3  concentrations are of 
interest to understand the submerged region and nozzle 
environments in terms of insulation performance and 
possibly A 1 2 0 3  slag rate of accretion flux or accumulation. 

RESULTS 
The CFD results of these analyses include comparisons 

of calculated performance parameters for the RSRM and 
ETM03 at 6 bum times. In some cases, results are limited 
to 1 s post ignition for brevity and clarity. 

Figures 1 and 2 show the RSRM and ETM03 geometry 
considered and the static pressure distribution in the 
whole motor at 1 s post ignition. Maximum static 
pressures were calculated at the motor head end and were 

6.29 MPa (912.29 psia) and 6.25 MPa (906.49 psia), 
respectively. The maximum pressure in the ETM03 still 
higher even though the nozzle throat diameter has been 
enlarged. As burn time progresses, the internal gas flow 
geometry changes based on the burn rate. 

Figures 5 and 6 show the static pressure and the Mach 
number at the motor centerline. Here the chamfer is 
defined by 7.72 cm (3 in.) rise and 15.24 cm (6 in.) run. 

The following is a comparison of performance 
parameters between CFD calculations vs. ballistic 
predictions. Figure 7 shows the RSRM and ETM03 
calculated head end pressures using CFD in this study in 
comparison with ballistic predictions. Similarly, Fig. 8 
shows the RSRM and ETM03 calculated motor chamber 
pressure drop in this study in comparison with measured 
values of the FSM-9 test motor. At 1 s post ignition, the 
chamber pressure drop in the FSM-9 was measured to be 
167 psia. At 1 s post ignition, the RSRM chamber 
pressure drop was calculated to be 175 psia, yielding a 
difference of about 8 psia. As burn time increases, the 
agreement between measured and CFD calculations of 
chamber pressure drop improves. An obvious reason is 
the three-dimensional effects contributed by the fins at the 
head end at early bum times. This study involved two- 
dimensional axi-symmetric analyses. 

6.53+06 

6 .O E+06 

h 
A 
b 
0: 

5.53+06 

5.0E+06 
10 20 30 40 50 60 

x (m) along motor centerline 

942.75 

810.23 

h 
A 

1- 

& 
4" 

v 

797.71 

725.19 

Fig. 5 RSRM and ETM03 motor chamber pressure 
drops at 1 s post ignition. 
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- - ETM03 (3 by 6 in. Chamfers) - - eETM03 (3 by 24 in. Chamfers) 
0.8 

0.6 

8 0.4 

0.2 

0 

10 20 30 40 50 60 

x (m) along motor centerline 

Fig. 6 
numbers at 1 s post ignition. 

RSRM and ETM03 motor chamber Mach 

- + RSRM, CFD Calculations 

- -k - ETM03, Ballistic Predictions 

-e -ETM03 (3 by 6 in. Chamfers), CFD 
Calculations 
ETM03 (3 by 24 in. Chamfers), CFD 
Calculations 

0 

-RSRM, Ballistic Predictions i 
7.E+06-- 1015.27 

6.E+06 870.23 

5.E+06 725.19 Q 

4' 4.E+06 580.15 4' 

3.E+06 435.1 1 

a .- z 
W 

e5 

2.E+06 y 290.08 

0 40 80 120 

Bum time, t (s) 

+RSRM, CFD Calculation 

-+- ETM03 (3 by 6 in. Chamfers), CFD Calculations 

-k - ETM03 (3 by 24 in. Chamfers), CFD Calculation 

-e -FFSM-9 Measurements 

&RSRM, CFD Calculations 

217.56 

174.05 

1.5E+06 

1.2E+06 

2 9.0E+05 

6.0E+05 
e5 

3.0E+05 

O.OE+OO 
0 40 80 120 

Bum time, t (s) 

130.53 3 

87.02 5 
43.51 

z 
W 

0.00 

Fig. 8 RSRM and ETM03 chamber pressure drops. 

The following results pertain to wall values: Figures 9, 
10 and 11 show the local values of wall total pressure, 
ratio of heat transfer coefficient to the specific heat at 
constant pressure, and wall y+. The first, is important for 
system loads. The second, is important in aero-thermal 
boundary conditions. The third, verifies whether gridding 
is consistent with turbulence modeling. They are between 
25 and 350 which are consistent with turbulence wall 
treatment. 

-RSRMNozzle - - ETM03Nozzle 

1 -RSRM Nozzle 

870.23 t- 6.E+06 

725.19 

580.15 

5.E+06 

4.E+06 
h a e 3.E+06 ' 2.E+06 

l.E+06 

O.E+OO 
- 1 0 1 2 3 4  

x (m) with respect to nozzle throat 

h a 
v1 
.- 

435.11 4 

290.08 

145.04 

0.00 

t 

Fig. 7 RSRM and ETM03 head end pressures. Fig. 9 RSRM and ETM03 wall total pressures. 
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1-RSRM- - ETM03 -RSRM 

6 

5 

h 

? 
E 

4 3  

" 4  

2 
s 

2 

1 

0 
-1 0 1 2 3 4 

x (m) with respect to nozzle throat 

1.23 

1.02 
n 
? 

0.82 "c 

B 
2 

0.41 

0.20 

0.00 

Fig. 9 RSRM and ETM03 wall heat transfer 
coefficients. 

I-RSRMNozzle - - - =EIM03 Nozzle 1 

300 

+A 200 

100 

0 

1 
I - 

-1 0 1 2 3 4 

x (m) with respect to nozle throat 

Fig. 11 RSRM and ETM03 nozzle wally'. 

The following results pertain to slag accretion. Figures 
12, 13 and 14 show the RSRM and ETM03 calculated 
slag rate of accretion flux for six burn times on the aft- 
dome wall, nozzle nose-cap, and the wall surface starting 
at the nozzle nose-cap tip to the nozzle throat, 
respectively. The aft-dome wall is part of the steel case 
and emerges as propellant bums back. Overall, ETM03 
will accrete more slag in comparison with the RSRM. 
This is expected since the ETM03 mass flow rate is 

roughly hgher than in the RSRM by 20%. 
For the RSRM, the integrated values for the Aft-end 

(absent at 1 s post ignition), Nose-cap, and Nose-cap to 
throat are calculated to be 770 kg (1 698 lbm), 1 163 kg 
(2564 lbm), and 1287 kg (2837 lbm), respectively. For 
the ETM03, the corresponding integrated values are 
calculated to be 781 kg (1722 lbm), 1648 kg (3633 lbm), 
and 1476 kg (3254 lbm), respectively. Summing the 
above accretions would yield a total of 3220 kg (7099 
lbm) and 3905 kg (8609 lbm) for the RSRM and ETM03, 
respectively. It is interesting to note that the ratio of 
accretion retained in the ETM03 to the RSRM is thus 1.2 1 
which is consistent with the relative mass flow rate of the 
ETM03 to the RSRM. 

In considering slag retention, the summation of the 
integrated accretions is limited to the aft-end and nose-cap 
walls. This is because these are the only areas where slag 
is likely to accumulate. Slagging from the nozzle nose to 
throat will most likely be carried out of the motor. This 
summation yields 1933 kg (4262 lbm) for the RSRM and 
2429 kg (5355 lbm) for ETM03. Again, it is interesting to 
note the ratio of integrated accretion in the ETM03 to 
RSRM is now 1.26 which is again consistent with the 
relative mass flow rate of the ETM03 to the RSRM. The 
ratio of total slag retained along the three surfaces of the 
ETM03 to the RSRM is shown in Fig. 15. They are 1.01, 
1.42, and 1.15 along the aft-dome, nose-cap, and nose-cap 
to throat, respectively. 

-+ ETM03 (3 by 6 in. Chamfers), CFD Calculations 
ETM03 (3 by 24 in. Chamfers), CFD Calculations 

132.28 . _.___ - - 

40 88.18 $ 
c -  3 3  
2 ,  gc 

ZJ 
44.09 

H 

0.00 
0 40 80 120 

Burn time, t (s) 

Fig. 12 RSRM and ETM03 slag rates of accretion flux 
on the aft-dome eroded wall. 
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-+ ETM03 (3 by 6 in. Chamfers), CFD Calculations 
ETM03 (3 by 24 in. Chamfers), CFD Calculations 

o + + - + - F d  0.00 

0 40 80 120 

Burn time, t (s) 

Fig. 13 RSRM and ETM03 slag rates of accretion flux 
on the nose-cap eroded wall. 

+RSRM - CFD Calculations 
-+ ETM03 (3 by 6 in. Chamfers), CFD Calculations 

ETM03 (3 by 24 in. Chamfers), CFD Calculations 
+RSRM - CFD Calculations 

40 3 
.- g 3  
E $  
8 -  m 
M 20 
1 
rA  

0 

88.18 f ’ 

8 -  m 
44.09 p - m 

0.00 

0 40 80 120 

Burn time, t (s) 

Fig. 14 RSRM and ETM03 slag rates of accretion flux 
on eroded wall from nose-cap to the nozzle throat. 

+ETM03 (3 by 6 in. Chamfers) / RSRM - CFD 
Calculation 

L 

Wal I 

Fig. 15 
RSRM. 
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The calculated accretion is shown in Fig. 16 in 
comparison with statically fired test motors. The CFD 
predicted values are relatively higher than the maximum 
retained in static test motors. The current state-of-the-art 
assumes that particles are trapped as they hit a wall. It 
does not allow particles to reflect, slide or shatter, etc. 

At this time, it is more meaninghl to consider the ratio 
of slag accretion in the ETM03 to the RSRM along the 
walls (1.01, 1.42, and 1.15) shown in Fig. 15 and as an 
aggregate ratio of 1.26 for scaling purposes. 
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Fig. 16 RSRM and ETM03 slag accretions predicted 
by CFD in comparison with slag retained in statically 
fired motors. 
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Summary and Conclusions 
Based on these comparative analyses conducted in this 
study, the objective of ETM03 will be achieved by 
providing a more adverse operating environment for 
motor components than the nominal RSRM environment. 
For example: 

Higher chamber pressure drop in ETM03 (1.31 
MPa (190 psia)).than in RSRM (1.172 MPa (1 70 psia)). 

Higher centerline Mach numbers approaching the 
nozzle in ETM03 (0.7) than in RSRM (0.6). 

Higher heat transfer rates for the internal insulation 
and nozzle components in ETM03 than in RSRM. 

Higher levels of droplet impingement and slag 
accumulation in ETM03 than in the RSRM. 

Comparisons of ETM03 results for 7.62 by 15.24 
cm (3 by 6 in.) and 7.62 by 60.96 cm chamfers (3 by 24 
in.) show little change in environment. 
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